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Abstract: The behavior of the fluid inside the internal circulation system of shell and tube heat
exchanger is complex and there is a high number of influencing factors. The flow distribution is an
important matter, because it has a significant influence on the performance of fluidic devices such
as tubular heat exchangers. Non-uniformity of the flow distribution reduces the efficiency of the
process, because some of the components become inefficient. In this paper, the influence of tubes
arrangements on the flow distribution have been studied through numerical simulations. The
results showed that arrangement of the tubes has an influence on the distribution of the flow. The
arrangements of 45° and 60°, respectively, provide the flow with a good velocity distribution at a
maximum number of tubes compared to the other arrangements. The results obtained are in good
agreement with the existing results from the literature.
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1. Introduction

Heat exchangers are devices that allow the transfer of heat energy between two fluids, and are somewhat
crucial in many processes. They are widely used in the chemical, pharmaceutical and petrochemical
industries, in power plants and many other applications. There are several types of heat exchangers, such
that choosing the right one for a particular process is not a simple procedure. In fact, it is known that
choosing the wrong type for a particular plant can lead to suboptimal performance, operational problems
and equipment failure. One frequently used type is the tubular heat exchanger, which has the advantage
of rapidly offering a large heat transfer surface and is compact. Design: The basic design aspect of this type
of exchanger is to try to make the flow distribution as uniform as possible [1, 2] In fact, irregularity is one
of the main reasons that are known to significantly reduce the performance of heat exchangers [1, 2].
Limited work has been done in the field of flow distribution within the split inlet manifold of a tubular
heat exchanger. Venkatesan [2] conducted a non-numerical study related to the maldistribution of heat
exchanger flow and heat exchanger. The flow field in the exchanger head was obtained by solving the
mass and momentum conservation equations using the k-turbulence model, in addition, the authors used

two heads with variable lengths, and the obtained results indicated that the regularity of the flow
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distribution is inversely proportional to the length of the head. As such, the length of the head will result
in a more irregular flow distribution. What's more, the static pressure will be nearly equal for all tubes in
the conical head case. Akrivosites et al. [3] predicted that downstream conditions do not influence the
determination of lateral flow in the stream pipes, and also indicated that a wider cross-sectional area in the
collectors would improve the flow distribution further. Kubo and Ueda [4] found that the quality of the
flow distribution is independent of the range of the Reynolds number between 30,000 and 100,000, and
that the flow distribution will improve if the branch pipe resistance is increased. They also found that the
irregularity depends on the computed pressure due to: frictional pressure drops, pressure, flow recovery,
and fluid escape from the holes. They reported that a better flow distribution would be obtained if a larger
cross-sectional area was used [3, 4]. They recommended placing an overlying perforated plate in order to
reduce poor flow distribution, Kobo and Ueda [4]. Mohanet al. [5] found that the flow distribution is a
function of the number of tubes, flow volume, and tube size. Sabret Al [6] indicated that the increase in
total pressure loss is due to the increase in the kinetic energy of the fluid. Reprovit et al. [7] demonstrated
that the third numerical model will correctly predict the flux distribution, while studies by another
Gandhi [8] showed that uniformity of the distribution works in both multiple and kinetic input
geometries. Moreover, they also found that the configuration that provides a non-uniform distribution is
one in which the tubes are aligned with the inlet-outlet port. They also indicated the following: The
uniform distribution of the outgoing current was obtained by reducing the diameter of the tube. The
reasons behind the phenomenon of largely irregular flow distribution are: pipe diameters, flow velocity; In
addition to the decreases in the tubing and the diameter of the inlet manifold. At a constant value of the
Reynolds number, the working fluid (air/water) has a nominal effect on the regularity of the phenon for
the configurations considered in this work. The flow in split collectors was formulated by a standard
equation by the work of Wangit Al. They also found that the distribution of flow and pressure drop in the
collectors is controlled by three "general properties” parameters: 1) E: the ratio of the collector's length to
diameter (L/D); 2) M: the ratio of the sum of the outlet areas to the head area; 3) {: average coefficient of
total pressure drop throughput of the port. Lu and colleagues [12] have developed a separate model to
account for the flow distribution in the collectors. An experimental evaluation of the parameters of the
flow characteristics was performed to support the discrete model. The satisfactory agreement between the
empirical and theoretical pressure distributions confirms the validity of the estimated theoretical model
and the limitations of the theoretical continuum model. bit al. [13] focused on applications of
computational fluid dynamics (CFD) in the field of heat exchangers. They found that CFD has been used
in various fields of study such as fluid flow misdistribution, fouling, pressure drops, and thermal analysis
in the design and optimization stage, in different types of heat exchangers. These simulations generated
largely accurate solutions, demonstrating that CFD is a very effective tool for predicting the behavior and
performance of a variety of heat exchangers [1, 13, 14] Rohsinoff and Putnam [15] found that erratic
distribution and unstable dips are more likely to occur in laminar flow than in turbulent flow. The flow is

measured by relating it to the total pressure drop through the pipe bank and the fluid dynamic energy at

1
maximum velocitythrough atube _  [APc+(GP Uz)inlet/ 1)
averagevelocitythrough the tubes - AP, \

Where [AP] _is the total pressure difference, U is the fluid density, U is the velocity.

the header inlet:
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This equation shows that the flow distribution can be improved by increasing the general pressure drop
AP] until it becomes larger compared to the input velocity term (1/2pU72) or by decreasing the term
1/2pUA2 by the appropriate head size [16, 17]. Types of heat exchangers - large due to the geometric
characteristics of the heat exchanger. They report that flow misdistribution is a function of the number of
tubes, that is, until the number of tubes increases, the uniform distribution or maximum number of tubes
with velocity deviation less than | 5% | It was reported by Kuppan [18] that the use of a small mill may
lead to greater heat transfer in this insect and its compaction. However, using the large handle will
provide a greater reduction in pressure drop and fouling as well. It has also been noted that the minimum
ratio of pitch to outer diameter of the tube is 1.25, as the drawstring may become too low for winding
tubes in the tube plate (end plate), and this study clearly showed that the misalignment is not a function
of the Reynolds number, but one has to consider the effect of the geometrical aspects of the shell and tube
heat exchanger. By analyzing all cited bibliographic references, the majority of researchers agreed that
geometric parameters influence flow distribution.

As such, in this paper the particular aspect of the effect of tube arrangement on flow distribution has been
studied, using CFD tools. The objective of this paper is to find the best possible arrangement of the tube
that can result in a uniform flow distribution.

In this paper, the special aspect of the effect of tube arrangement on flow distribution is investigated,
using CFD tools. The goal is to find the best possible arrangement of the tube that can result in a uniform
flow distribution. The model of Mohammadi and Malayri [17] is used as a basis for comparison. The
numerical approach, which deals with such a configuration, is introduced followed by the details of the
numerical method. The simulation results showed that the arrangement of the pipe has a remarkable

effect on the flow distribution.

2. Modeling and simulation

We have used CFD instruments to simulate the flow in the atrial heat exchanger head in order to
investigate the influence of the internal arrangement on the fluid distribution (Fig. 1a and Fig. 1b). We
note that when we talk about the degree of order, it is compared to the flows through the interior of the

cortex (Fig. 1c). Four conventional arrangements were performed as shown in Figure 2.

—

nozzle neck

front or rear head length

tube sheet arrangement

(b)
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Fig.1.Typical geometric configuration of medium industrial tubular heat exchanger[17]
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Fig.2.The different tube arrangements to achieve
2.1 Physical model
The selected exchanger is medium industrial type (Fig. 1), and it has one pass with 464 and 461 tubes for
two states of arrangement 90° and 45° respectively, 517 and 465 tubes 30° and 60° respectively (Fig. 2).
The exchanger parameter values are shown in Table 1.

Table 1:Geometric characteristics of the exchanger

Designation Value

Diameter of the head (mm) 838.20

Length of the head (mm) 628.65
Neck Length (mm) 377
Diameter of the neck (mm) 387

Tube Diameter (mm) 25.40

Pitch (mm) 31.75

Number of tube for 90°/60°/45°/30° 464/465/461/517

2.2 Governing equations

The equations used in this simulation are the continuity expressed by equation (2), the momentum given
by equation (3), and the flow is considered to be the best.
V.(p?) =0(2)

wherev is the dynamic viscosity

V.(p3%) = —VP +V.(3) + pg(3)
whereTis the shear stress, gis the gravitational body force
2.3 Mesh generation
Computing domains are intertwined with an unstructured network/hybrid, generated using
Gambitcommercial code. The network independence test was performed with different number of nodes

with special focus on the entrance of the tube, and independence was obtained using 6.5 million cells
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(Fig. 3). The full-field grid quality is very good with up to 90% of the cells having a deviation value of
0.45 and no greater than 0.7.

Table 2:Size of the mesh
Arrangement Grid size
90° 8 887 743
60° 8 852 851
45° 8 846 324
30° 8932 483
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Fig.3. Study of the mesh independence
2.4 Turbulence model
The k-SST model of shear stress transfer is chosen as the turbulence model since this turbulence model significantly
improves the accuracy for rapidly strained flows and also has advantages over other turbulence models, for example
the k-model, especially for integration through the viscous sublayer and for predicting the detrimental effects of
stress gradient [17, 19-21]. For a steady flow, the equations of the form k- SST are as follows:

Opujk) _ b _ px 9 Ok

ax, = P Bpwk oo | (et owpe) 50| (4
where is the spatial coordinate, - is the kinetic energy of perturbation, the pressure manifold Pis, fA* is the
perturbation model constant SST equal to 0.09, is the specific dissipation rate, - is the molecular dynamic viscosity,

o is the perturbed model constant, u_T is the perturbed viscosity

P2 Ok d

] ] ]
leP—ﬁpw2+a—)ﬁ[(y+awut)a—Z]+2(1—F1) ®)

Ox; v @ 0x;0x;j
where:
aui
P =15,

20 2
Tjj = Ut (25ij - 56—1;:5”') —3Pké;(7)
_1fou, oy
SU T2 (6x] + 6xl)(8)
_ paik
He = max (alw,ﬂFz)(9)
= F0;+(1—F)0,010
F, = tanh (arg})(11)
vk 50017) 4p0 ok
B*wd’ d?w /)’ CDy,d?

Ja2)

arg, = min [max(
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Dy, = max (Zpawz %5—)’:}2—2 10—20)(13)
F, = tanh (arg?)(14)
_ vk 5000
arg, = max (2 m,m)(ﬁ)

_ 1 .0y _ auj
77 2 6xj 6xl)(17)

Wi

where - identity matrix or Kronecker delta function, is the magnitude of the eddy

The constants used for the two models, the far field and limit conditions are summarized in Table 3.

Table 3:Constants used in the resolution and limit conditions [20]

Designation Constants / conditions values
k-wmodel Ox1> Oup1> Pi 0.50, 0.650, 0.0750
k-gmodel iz O B2 1.00, 0.856, 0.0828
SST model B ay 0.09, 0.31

Far-field conditions Us Us
7 < Wrarfiela < 107
107502 0.1U2
“Re, < kfarfieta <10 Re,
Limits conditions / wall w — 10— __
1mits condi W wall =10 ﬁ1(Ad1)2(18)
=0
kwall

2.5 Boundary conditions

In this study, we worked with crude oil at 30° API with physical properties specified at 150°C and 1 atm
pressure, U = 4.016 * 10-6 m2/s and p = 783,218 kg/m3 [17, 22]. The condition of the inlet velocity of
the inlet of the exchanger head is assigned a value of 1.252 m / s. The speed is uniform and normal to the
input surface.

The flow state of the head output is modeled using the outflow state.

The disturbance intensity (0.16 [Re] # ((- 1)8)) and the length scale (0.07Dn) are selected as inputs to

the disturbance [21], where Re is the Reynolds number, D_n is the nominal diameter

2.6 Method of resolution

Calculations are performed using Fluent 15.0, a commercial account software. The simple algorithm was
chosen to correlate pressure and velocity. For dissociation diagrams, we used:

- Rapid perturbation kinetic energy and specific dissipation rate.

Presto for pressure.

- Momentum of the second order.

-Least squares cell based gradient.

Wind power is second.

For the affinity criteria for each control size, residuals with a value less than 10-5 are superimposed.

Computation time is provided for approximately 36 hours on a mobile workstation with Intel i-7-3740

QM CPU, 2.70 GHz.
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2.7 Validation of the CFD
To validate the calculation procedure, the numerical results for the 90° case are compared with those
obtained using the analytical work found in [17], by calculating the fluid velocity deflection i. The fluid

velocity deviation can be calculated by:
Ui—-Up
& = —Um (19)

where €_1i is the skew velocity, U_i the velocity at pipe i, and U_m is the mean velocity.

The misdistribution curves, shown in Fig. 3, are based on the velocity deviation for the time interval (g, €
+ Ag). Indeed, the number of tubes may vary in the interval [- | € | , - | € | + Ag) for the number in the
range [+ | € | - Ag, + | e |). However, the mathematical model of Muhammad and Al-Malayri [17] is based
on a symmetric distribution that takes into account the number of tubes in the intervals [- | €|, -| €| +
Ag) and [+ | €| - Ag, + | €]) are equal. Therefore, a better comparison between the mathematical model
and the CFD results will be obtained when the CFD results are presented as an average value, when the
arithmetic mean of the digital tubes is then in the ranges [- | €|, - | €| + A€) and [+ | €| A€, + | €|) the

number of tubes in the range [-| €| , - | € | + A¢€) and the number of tubes in the range [+ | €| -Ag, + | e|):

Nitje| —Ag+|e) T N[+]e] —Ae +e])
2 (20)
WhereN is the maximum number of tubes with a given velocity deviation interval (_-A+)€ .

Ni-jel~lel+ae) = Nivje| -ae+le)) =

As such, the obtained curve lies below the mathematical model result curve of Mohammadi and Malayri

(2013). These results are satisfactory. Moreover, the maximum velocity deviation | € | about 25% (Fig. 4).

9
8 m
7
6
X 5
= ==@=0ur CFD results
~
= 4 -
3
2 == Analytical
1 results
0
N O MO WmWwowouwo.uwm
IR - aaA
€%

Fig. 4.CFDValidation
3. Results and Discussion
The current study uses CED tools to simulate the flow behavior in a shell-and-tube heat exchanger. The
considered exchanger is a medium-sized industrial one, which has only one lane with a total number of
464 tubes in a 90-degree arrangement [17]. For other arrangements the same parameters are used unless
the number of tubes and their pitch.

CFD results in this section are in the average time, due to the attractiveness of turbulent flow.

3.1 Velocity distribution
Figures 5 to 8 display the velocity profiles on the inlet pipe side for all studied arrangements, and the best
results were obtained for the 45° arrangement (Fig. 7), where the highest average velocity of 1.25 m/s was

recorded, which is similar to the velocity at the inlet. The second best result was obtained for a 90° order
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range (Fig. 6) with values of 1.627 m/s and 0.697

(Fig. 5) with an average velocity of 1.19 m/s, followed by a 60° order (Fig. 6) with an average velocity of

Noting that the 45-degree arrangement has the highest average speed and the 30-degree arrangement has
the lowest, due to the configuration having the fewest and highest number of tubes that can reduce or
In addition, the difference between lateral and transverse pitch directly affects the velocity distribution.

Effects of Tube Arrangement on Flow Distribution in the Header of Shell and Tube Heat Exchangers

1.167 m/s and finally a 30° order (Fig. 8) with an average velocity of 1.096 m/s.

The highest and lowest velocity are recorded in the 60°

Zakarya Madaoui et. al
increase tube resistance.

m/s, respectively.
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3.2 Study of theflow distribution uniformicy

It is well known that obtaining a perfect flux distribution, in any practical application, is rather
impossible. As such, any variation of less than + 5% in average velocity will be ignored, and the
corresponding flow distribution will be considered ideal [16, 17, 23]. The results for the uniformity of the
distribution are shown as the proportion of the tube count that has a velocity deviation (Eq. 19) less than
5%, in absolute terms, in reference to the total tube count (Fig. 9-12). Uniformity of distribution curves
can be important in the design of tube heat exchangers, as they will provide information on the minimum
total number of tubes through which an acceptable flow distribution can be achieved. The flow
distribution is:

- larger on the right of the value of € = 0, with a small tube having minimal flow, in the 60° and 30°
arrangements;

- light symmetrical in the case of arrangement at an angle of 90 °;

- higher in the left side of the value = 0, but the dominant part has a smaller deflection, which guarantees

a minimum flow if arranged at an angle of 45 degrees.

90°

10

5 ~\
TN

(N/n)%

NI
CLANNTOONNTOITONOVOSONOO
ToopaNaSgT Y SHNNNMNT

%

Fig.9. Flow distribution curve for the arrangement of 90°
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Fig.10. Flow distribution curve for the arrangement of 60°
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Fig.11. Flow distribution curve for the arrangement of 45°
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Fig.12. Flow distribution curve for the arrangement of 30°

As mentioned earlier, the misdistribution in a disordered system is not a function of the Reynolds
number. However, the velocity deviation depends on the geometrical arrangement of the heat exchanger
and may also depend on the Reynolds number. Thus, the ill distribution is not a function of the Reynolds
number, but must take into account the effect of geometric aspects of heat exchange around the
maximum velocity deviation. Results show that the 60° arrangement is most likely to give better
uniformity of flow distribution, with over 46% of pipes with a slight deviation | € | <5%), indicating a
high rate tube with uniform distribution. It is followed by an order of 30° then 90° and finally 45°, Fig.
13. It should also be noted that for the 45° range more than 33% of the pipes have a flow rate with a
velocity deviation of a value greater than 5%. We find in second place those of the 30° arrangement with
more than 29% of the tubes having a deflection in air greater than 5%, then there is the 90° arrangement
with approximately 24% with a deflection greater than 5% and in the last position, the 60° arrangement
with more than 24% of the tube, Fig. 14.

50.00%
40.00%

30.00% -
20.00% -
10.00% -
0.00% - T T T
90° 60° 45° 30°

Fig.13. Representation of flow distribution uniformity with | € | < 5%

50.00%

40.00%

30.00%

20.00% +— —

10.00% —+— —

0.00% T T T )
90° 60° 45° 30°

Fig.14. Representation of flow distribution with £> 5%
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4. Conclusion

This work is part of a study of the working performance of a shell and tube heat exchanger. It was of
interest to study the flux flow distribution on the heat exchange head because it directly affects the
performance and efficiency of the heat exchange. Limited work has been recorded in the area of flow
distribution on top of the shell and tube heat exchanger. The aim was to find out whether the tube
arrangement affects the flow distribution and to determine the best tube arrangement to obtain a uniform
flow distribution, which has not been investigated before. The results show that changing the tube
arrangement directly affects the flow distribution. The best registered head distribution, based on the
assumption that the best uniformity of the flow distribution is obtained when we have a velocity deviation
of -varying between interval [-5%, +5%], is the worst order of 60° and the distribution is recorded on the
order of 45°. Thus, 71.36% of the total pipe is recorded for the last arrangement (45°), which has a more
variable velocity deflection [-5, +18] with the largest average velocity equal to the initial flow velocity,
while for the 60° value arrangement, 71.22% deflection [-5, 40] is recorded with an average velocity less
than the value exchange rate of approx.

Therefore, the arrangement which represents the best uniformity of flow distribution is 60° but has a large
number of tubes also with a low flow velocity. The arrangement that guarantees a higher speed with the

maximum number of tubes having almost unchanged speed is 45°.
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